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Inspired by precision tests of the Standard Model in future lepton colliders, the numerical analysis
of the following scattering processes, e+e− → Zh0γ and e+e− → ZH0γ, are carried at the tree level
including all possible diagrams in the two-Higgs-doublet model (2HDM). This model has many
free parameters, but the parameters which take part in the scattering amplitudes of these two
processes are primarily the mixing angle parameter, sβ−α, and the masses of the neutral Higgs
bosons, (h0, H0). Therefore, measuring the production rates of Zh0γ and ZH0γ final states open
another test for the scalar sectors of the 2HDM. The numerical analysis is performed under the
current experimental constraints. The production rates and the asymmetry in the forward-backward
direction are presented as a function of the center-of-mass energy covering the future lepton colliders.
The unpolarized cross-section gets up to 6.19 (4.86) fb at
√
s = 350 (500) GeV and 0.164 (0.157)
fb at
√
s = 350 (500) GeV for e+e− → Zh0γ and e+e− → ZH0γ, respectively. The polarization of
the incoming e+e− beams are studied for various configurations, and it enhances the cross-section
by a factor of 1.78 in both processes for Pe+,e− = (+0.6,−0.8).
I. INTRODUCTION
The last missing part namely Higgs boson, which is
related with the electroweak symmetry breaking mech-
anism in the Standard Model (SM), was discovered at
the LHC [1–3]. The production and the decay chan-
nels of the Higgs particle have been studied extensively
since then [4, 5]. The discovery commenced questioning
which model it belongs to. Many studies for its properties
have been reported, and experiments are still continuing.
All the results presented by ATLAS and CMS collabo-
rations showed that the findings resemble a Higgs boson
in the SM. It is possible that the SM is a low energy
approximation of a larger theory which explains up to
the Fermi scale. There are many proposals which extend
the SM, and they have been studied extensively in the
last decades. A simple extension of the SM is to enlarge
only the scalar sector of the model, which is called the
two-Higgs-doublet model; mainly, a new Higgs doublet is
added to the theory. So that these two Higgs doublets
can couple to matter and gauge bosons and give mass to
leptons, quarks, and electroweak bosons. In the 2HDM,
there are two charged Higgs bosons (H±) and three neu-
tral Higgs bosons (h0, A0, H0) [6, 7]. The extra doublet
generates new couplings and interactions. As a result,
rich phenomenology arises, especially for Higgs physics.
To be able to unravel the properties of this particle,
the collision of fundamental particles other than protons
is needed. The best candidate is the lepton, and a lepton
collider is an excellent machine for studying the prop-
erties of the Higgs boson. Various proposals for future
lepton colliders have been submitted around the world
running at the center of mass energies between 240 -
1000 GeV; they are the Circular Electron-Positron Col-
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lider (CEPC) in China [8, 9], the Future Circular Collider
(FCC-ee) [10] at CERN [11], and the International Lin-
ear Collider (ILC) in Japan [12]. In all these proposals,
the planned facilities will produce millions of Higgses by
electron-positron collisions. Thus, the properties of these
Higgses can be revealed with high statistical precision.
Two of the well-motivated channels at the e+e−-
colliders are the production of Higgses with gauge bosons
and fermions, namely the production of ZH and Hνeν¯e.
These channels will help to determine the couplings,
cHZZ and cHWW , and the Higgs total decay width [13–
19]. Studying double Higgs-strahlung along with WW
double-Higgs fusion makes it possible to determine the
triple Higgs self-coupling (cHHH) with an astonishing
precision [20–24]. Measuring Higgs self-couplings is es-
sential for reconstructing the Higgs potential in the SM.
The complete reconstruction of the Higgs potential in the
SM requires the determination of the quartic Higgs self-
coupling cHHHH as well. This coupling can be reached
directly in the triple Higgs production [20, 25]. There
are some couplings which are not defined at tree-level
but arise at loop-level in the SM, and they are called
the anomalous trilinear Higgs couplings, HZγ, Hγγ and
HZZγ. These couplings are sensitive to new physics con-
tributions through new massive particles propagating in
the loops [26, 27]. In all these processes, the couplings
of Higgses with gauge bosons are significant to deter-
mine the other Higgs couplings. Since there are addi-
tional Higgs states in the 2HDM, the determination of
the Higgs couplings becomes entangled.
Many authors have studied the scattering process
e+e− → ZH, and measuring the cross-section is also
one of the objectives which are shared among all three
future colliders. Besides this channel, the ZH could
be produced in association with a high energetic pho-
ton. The process e+e− → ZHγ suits great for study-
ing the couplings of the Higgs to neutral gauge bosons
in the SM, and it is also part of the inclusive pro-
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2cess e+e− → ZH + X. There are three neutral Higgs
bosons in the 2HDM, so there are three similar pro-
cesses: e+e− → Zh0γ , e+e− → ZH0γ, and e+e− →
ZA0γ. The relevant Higgs couplings for these processes
are c{h0,H0}ZZ and c{h0,H0}A0Z , therefore, the situation
is complicated compared to the SM. Additionally, the
couplings ch0ZZ and cH0ZZ in the 2HDM influence the
anomalous trilinear couplings. Compared to the ZH
channel, the production cross-section of e+e− → ZHiγ
is considerably less, but they still have a moderate cross-
section, and it is possible to study them in the colliders.
It could be considered as another test for the Higgs cou-
plings with an additional vector boson (photon) at the
final state. The production of Higgs boson with addi-
tional vector bosons turns into a complicated problem in
extended Higgs models. Therefore, the following ques-
tions need to be answered: ”Which couplings are sig-
nificant for these scattering processes?”, ”What are the
relevant free parameters that take place in each scatter-
ing process?”, moreover, ”What could be extracted from
these scattering processes in the context of 2HDM?”.
The scattering process e+e− → ZHγ in the SM was
calculated before in ref. [28] at the loop level. The
same process was studied in ref. [29] by taking into
account the CP-conserving couplings between Higgs to
gauge bosons within the effective Lagrangian framework
and dimension-six operators, and the effects of these
anomalous Higgs-gauge boson couplings were compared.
This paper presents the calculation of e+e− → ZHiγ in
the 2HDM, including all possible diagrams. The cross-
section is calculated as a function of the center-of-mass
(CM) energy, and comparison is carried out regarding
the proposed colliders. Dependence of the cross-sections
on the free parameters is presented. Several polariza-
tion configurations of the e+e− beams are assumed. The
forward-backward asymmetry between the Higgs boson
and the photon is calculated, and a discussion is carried
for the colliders assumed.
The layout of this paper is organized as follows. In
section II, the theory of the 2HDM, all constraints, and
assumptions in the computation are discussed. In section
III, expressions regarding the kinematics of the scatter-
ing and the total cross-section with polarized electron-
positron beams are emphasized. In section IV, numerical
results of the total cross-section with polarization and the
asymmetry distributions are presented. The conclusion
is drawn in section V.
II. THEORETICAL FRAMEWORK OF THE
2HDM
The 2HDM has been studied before, and a detailed in-
troduction of the 2HDM framework was given by various
authors [6, 7, 30–32]. Therefore, we only give a sum-
mary of the 2HDM, particularly the scalar potential and
the free parameters in the model. The 2HDM is con-
structed by adding a second SU(2)L Higgs doublet with
the same hypercharge (Y = 1) to the scalar sector. Im-
posing a discrete symmetry, Z2, on the scalar potential
helps to avoid flavor-changing-neutral-currents (FCNC)
[33] at the tree-level. In this study, CP-conservation is
considered. Accordingly, the scalar potential is defined
as follows:
V (Φ1,Φ2) = m
2
11|Φ1|2 +m222|Φ2|2 −
[
m212Φ
†
1Φ2 + h.c.
]
+
λ1
2
|(Φ†1Φ1)2 +
λ2
2
(Φ†2Φ2)
2 + λ3|Φ1|2|Φ2|2
+ λ4|Φ†1Φ2|2 +
[
λ5
2
(Φ†1Φ2)
2 + h.c.
]
, (1)
where the coupling constants, λi, (i = 1, .., 4), are real,
the parameters m212 and λ5 can be complex, but they are
taken real for simplicity, and Φi, (i = 1, 2) are the Higgs
doublets.
Following the prescription defined in ref. [34] the
masses of all the extra Higgs bosons can be calculated
as usual. First, the stationary conditions of the potential
are applied, and several constraints are obtained. Second,
these bound conditions are substituted into the scalar
potential to eliminate m11 and m22. Then the scalar
potential decomposes into a quadratic term plus cubic
and quartic ones [30, 35, 36]. Finally, diagonalizing the
quadratic mass terms, the physical Higgs states and their
masses are obtained. The other terms, cubic and quar-
tic ones, define the couplings and the interactions in the
model. As a result, the free parameters of the model
are the masses of the neutral Higgs bosons (mh/H0/A0)
and charged Higgs bosons (mH±), the ratio of the vac-
uum expectation values (tβ = tanβ = v1/v2), the mix-
ing angle between the CP-even neutral Higgs states (α)
and the soft breaking scale of the discrete symmetry
m2 = m212/(sinβ cosβ) [37]. The masses of charged and
CP-odd Higgs states are defined as follows:
m2A0 =
m212
sinβ cosβ
−λ5v2, m2H± = m2A0 +
1
2
(λ5−λ4)v2 .
(2)
The masses of the CP-even states are defined below.(
h0
H0
)
= R
(
m212tβ + λ1v
2
1 −m212 + λ345v1v2
−m212 + λ345v1v2 m212/tβ + λ2v22
)
RT
(3)
where R is a unitary rotation matrix which diagonalizes
the CP-neutral Higgs mass matrix [31] as a function of
(β − α), and λ345 = λ3 + λ4 + λ5. After the discovery
of the Higgs boson at the LHC, h0 state was extensively
defined as the SM-like Higgs boson with the same mass
and couplings. This choice was called the exact alignment
limit where (β−α) = ±pi/2. The angle sβ−α = sin(β−α)
defines the mixing between the CP-even Higgs states. In
this study, the exact alignment limit is chosen, sβ−α = 1,
consequently, h0 becomes indistinguishable from the SM
Higgs boson H.
To suppress the FCNC at the tree-level in the Higgs-
fermion interactions, the same discrete symmetry, which
3was imposed before on the scalar potential, can be ex-
tended to Yukawa sector. These interactions are written
in four different and independent ways. The couplings
between fermions and Higgses are named Type-I to -
IV[6]. Setting a different Yukawa coupling scheme does
not have a noticeable effect on the results. Therefore,
the calculation is performed only considering the Type-I
Yukawa coupling scheme, though the results are the same
in the numerical precision for Type-II.
III. MACHINERY FOR THE NUMERICAL
ANALYSIS AND THE PARAMETER SPACE
A. Scattering processes and the cross-section
The machinery of the calculation and conventions of
the scattering processes are presented here. Throughout
this paper, the scattering processes are denoted as
e+(k1, µ) + e
−(k2, ν) → Z(k3) +Hi(k4) + γ(k5), (4)
where ka (a = 1, ..., 5) are the four-momenta of the
incoming positron and electron beam, the outgoing Z-
boson, neutral Higgs-bosons, and photon. Addition-
ally, spin polarizations of the positron and the electron
are indicated by µ and ν, respectively. Feynman dia-
grams which contribute to the process e+e− → ZHiγ
at the tree-level are shown in figure 1. The 2HDM
Lagrangian and a detailed phenomenological discussion
were reported in refs. [7, 30–32]. The vertices were
defined in FeynArts [38, 39]; the amplitudes are con-
structed using FeynArts. Since the computation is car-
ried out at the tree-level, the Unitary gauge suits better
for the calculation. The simplification of the fermion
chains, squaring amplitudes, and the numerical analy-
sis are accomplished using the driver program given in
FormCalc [40].
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FIG. 1. The Feynman diagrams which contribute each of the scattering processes at the tree level are plotted. Hi represents
the neutral Higgs bosons h0, H0, and A0. In the production of ZA0γ, the intermediated propagators A0 and Z are exchanged
with h0 and H0 boson, respectively.
The relevant couplings for all the scattering pro-
cesses are given in Table I. The parameters Y(1,2,3) =
(cα/sβ , sα/sβ ,− cotβ) for Type-I and -IV, and they are
(−sα/cβ , cα/cβ , tanβ) for Type-II and -III. It can be seen
that the most important parameter for all the scatter-
ing processes is sβ−α. It is involved in c{h0,H0}A0Z and
c{h0,H0}ZZ couplings. Therefore, these couplings are the
effective ones in each scattering process. The couplings
between the incoming electron-positron and the neutral
Higgs bosons, ce+e−{h0,H0,A0}, are also a function of the
free parameters of the 2HDM through Yi. However, the
factor me/mw suppresses them heavily; thus, they do not
contribute significantly. As a result, it can be said that
choosing one Yukawa coupling scheme (Type-I to -IV)
over the others makes no important difference in all the
scattering processes, and thus the total scattering ampli-
tudes are affected only by the mixing angle sβ−α.
The couplings given in Table I are plotted in Figure
2 as a function of sβ−α. In Figure 2, Type-I Yukawa
coupling scheme and tβ = 10 are assumed. Though the
numerical values of the couplings are the same for Type-I,
only the couplings ce+e−{h0,H0,A0} get lower. The high-
est contribution comes from cZZh0 or cZZH0 couplings,
at the order of 65. The coupling cZZH0 has the maximum
value at sβ−α = 0, and it lowers when sβ−α → 1, while
the coupling cZZh0 rises with sβ−α. It should be noted
that there is no cZZA0 coupling in the 2HDM, and thus
the cross-section of e+e− → ZA0γ is suppressed heavily.
The couplings between fermion pairs and the neutral Hig-
gses are at the order of 10−5, so they do not have much
4TABLE I. The couplings involved in all scattering processes.
The weak angle is abbreviated as sw = sin θw, cw = cos θw,
and cβ−α = cos(β − α).
c{γ,Z}e+e− ie
{(
1
1
)
,
(
c2w/s2w
−sw/cw
)}
c{h0,H0,A0}e+e− − ieme2mwsw
{(
Y1
Y1
)
,
(
Y2
Y2
)
, 1
i
(
Y3
−Y3
)}
c{h0,H0}A0Z
e
2cwsw
{cβ−α, sβ−α, }
c{h0,H0}ZZ
iemw
c2wsw
{sβ−α, cβ−α}
impact on the total amplitude. The couplings ce+e−γ
and ce+e−Z are universal, and they are not a function
of the free parameters of the 2HDM. Last, the couplings
cA0Z{h0,H0} are also a function of sβ−α, but their values
are around 0.37; one of them drops while the other one
rises. In conclusion, the couplings cZZh0 and cZZH0 are
the most effective ones, and the cross-section of all these
three processes are influenced heavily by sβ−α.
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FIG. 2. The couplings which take part in the scattering of all
the channels are plotted as a function of sβ−α. The tβ = 10
and Type-I Yukawa coupling scheme are assumed.
The differential cross-section for three final state is de-
fined as follows [41]:
dσ(s;µ, ν)
dk05dk
0
3d cos θ dη
=
2
(4pi)4
1
Φ
1
4
∑
pol
|M(s;µ, ν)tot|2
 ,
(5)
where the amplitude Mtot is squared and summed over
the polarization vectors, Φ = 2
√
λ(s,m2e,m
2
e) is the flux
factor of the incoming e+e− beams. The Monte-Carlo in-
tegration methods are required in the computation over
the phase space of the final states, therefore, CUBA
[42, 43] routines are used. The cross-section for an arbi-
trary degree of longitudinal beam polarization is defined
as follows:
σ(Pe+ , Pe−) =
1
4
∑
α,β=±1
(1 + αPe+)(1 + βPe−)σαβ , (6)
The σLR in equation 6 represents the cross-section with
a completely left-handed polarized (Pe+ = −1 = L)
positron beam and a right-handed polarized electron
beam (Pe− = +1 = R). The cross-sections σRL, σLL
and σRR are defined analogously. Note that due to the
nature of the scattering process σLL and σRR don’t make
any important contribution, and they are neglected safely
in equation 6.
Finally, due to the massless nature of the photon
and the phase space of the outgoing particles, soft and
collinear IR singularities appear naturally in the calcu-
lation. Therefore, motivated from photon energy reso-
lution of the experimental apparatus (detector), we ap-
plied cut on the transverse momentum (pγT ) of the pho-
ton. As a result, the cross-section is calculated in a
realistic environment. The cross-sections of each pro-
cess are explored for varying the transverse momentum
of the photon which is required to be pγT > p
γ
T,cut =
(5, 10, 15, 20, 25) GeV.
B. Constraints and benchmark scenario
The first set of constraints comes from a theoreti-
cal point of view: stability, unitarity, and perturbativ-
ity. Stability ensures that the scalar potential is positive
even at large values of the field [44–48]. Unitarity en-
sures that the scattering amplitudes are flat at asymp-
totically high energies [49]. Perturbativity is the condi-
tion where all the quartic couplings in the 2HDM need to
be smaller than a particular value (16pi). In this study,
2HDMC(v1.7.0) [50] is used to test whether the bench-
mark points obey these theoretical constraints.
The 2HDM was studied by many in the previous and
still ongoing experiments, and numerous results have
been piled up. All these results restrict the parameter
space of the 2HDM from various angles. It was concluded
in the previous section that the amplitudes are depen-
dent mostly on the sβ−α. The phase spaces in all the
scattering processes are a function of the masses of the
neutral Higgs bosons. Therefore, all the scattering pro-
cesses are unaffected by all the experimental constraints,
except the sβ−α and the masses of the neutral Higgs
bosons. Charged currents are important for the flavor
observables because they can make novel contributions.
However, we do not regard the charged Higgs mass con-
straints, because it does not make any direct contribution
to the process (see figure 1 for couplings and intermedi-
ated particles). However, the value of mH± most defi-
nitely affects the couplings in the model. Choosing up a
wrong mass for the charged Higgs boson may not hold
the theoretical and experimental constraints introduced
in this section.
5Inspired by ref. [51] and the results presented by
LHC [52], we set masses of the extra Higgs bosons as
mA0 = mH± . This also satisfies the constraints on the
oblique parameters [53–58]. It should be underlined that
if the parameter sβ−α is fixed to unity, then the couplings
of light Higgs (h0) resemble the discovered SM Higgs bo-
son. The parameter tβ affects the Yukawa couplings, but
they make no important contribution to the scattering
processes; still, a value needs to be assigned. According
to ref. [51], the low tβ values were strongly constrained
by B¯(B0s → µ+µ−) and neutral meson mixings ∆Ms in
Type-I, so tβ > 1 can be considered. The masses of the
scalars are not constrained on large tβ range compared
to the Type-II. Thus, tβ = 10 is picked. The calculation
is performed following those experimental constraints.
IV. RESULTS AND DISCUSSION
In this section, the numerical results for the produc-
tion of ZHiγ in an e
+e−-collider are presented and dis-
cussed. The following SM parameters are taken from ref.
[59]: me = 0.5109989 MeV, mZ = 91.1876 GeV, mW± =
80.385 GeV and α = 1/127.944. We used the current
known value for the Higgs mass mH = 125.09 GeV [5].
A. Cross-section distributions
The numerical analysis is carried out for unpolarized
and polarized incoming beams. If it is not stated oth-
erwise, we set mHi = 150 GeV and tβ = 10 in the
computation. In figure 3, the cross-section distributions
are given for various polarizations as a function of the
CM energy. These polarization configurations were dis-
cussed before in various refs. such as [60, 61], we adopted
(Pe+ , Pe−) = (+0.6,−0.8) and (+0.3,−0.8) in this study.
The vertical dashed lines indicate the proposed energies
of each lepton collider. In figure 3 (left), the distribu-
tions e+e− → Zh0γ are plotted, while on (right) the
same distributions for e+e− → ZH0γ are shown. Since
the h0-state behaves like the SM Higgs boson in the exact
alignment limit (sβ−α = 1), the distributions in figure 3
(left) are in good agreement with the SM tree-level re-
sults presented in refs. [28, 29]. In this limit, results are
similar with the SM results as expected.
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FIG. 3. The distributions of the cross-section are plotted for various polarization configurations of the incoming e+e− beams.
The calculation is carried for pγT,cut = 10 GeV on both figures. (left): The cross-section distributions are for e
+e− → Zh0γ.
The exact alignment limit sβ−α = 1 is assumed. (right): The cross-section distributions are for e+e− → ZH0γ. The mixing
angle of the neutral Higgs bosons is taken as cβ−α = 0.2 (sβ−α ≈ 0.98).
The unpolarized cross-section reaches up to 6.19 fb
around the planned collision energy of the FCC-ee col-
lider (
√
s = 350 GeV), and it slowly declines at higher√
s values. At the ILC (
√
s = 500 GeV), the unpolar-
ized cross-section gets σUU ∼ 4.86 fb. The proposed
CEPC running at
√
s = 240 GeV could still probe the
process, but not as significant as the others, the unpolar-
ized cross-section is around 1.11 fb. If the future collid-
ers are capable of polarizing the incoming electron and
positron beams, the cross-section will be enhanced dra-
6matically. The polarized cross-sections are also added
in both graphics given in figure 3. When the positron
beam is completely left-handed and the electron beam
is right-handed, σLR is around 9.72 fb. In the oppo-
site case where polarization is set to (+1,−1), then
σRL ∼ 15.04 fb. Two other polarization configurations
are also plotted in figure 3 where the peaks are around
the FCC-ee operation range, σ(+0.3,−0.8) ∼ 9.14 fb and
σ(+0.6,−0.8) ∼ 11.02 fb. We can see that polarizing the
beams enhances the cross-section up to a factor of 1.8 in
(+0.6, -0.8) configurations.
The mixing angle sβ−α plays an important role in the
calculation, the cross-section of e+e− → ZH0γ vanishes
in the exact alignment limit (sβ−α = 1). Therefore, we
let the sβ−α deviate from unity by only ∼ 2%, thus the
parameter cβ−α = 0.2 is assumed in figure 3 (right) for
the process e+e− → ZH0γ. The cross-section distribu-
tions for possible polarizations of the e+e− are presented
in figure 3 (right). Compared to the previous scattering
process, the cross-section of e+e− → ZH0γ is smaller.
The unpolarized cross-section is around σUU ∼ 0.164 fb
for the planned FCC-ee (
√
s = 350 GeV) project. In
addition to this, the cross-section of the completely po-
larized beams gets σRL ∼ 0.398 fb and σLR ∼ 0.258 fb at√
s = 350 GeV. The distributions of the cross-section as
a function of energy have the same trend as the previous
process. The cross-section peaks around
√
s ∼ 400 GeV,
then it decreases rapidly moving to higher energies due to
the suppression of 1/s. Due to the kinematical threshold
of the process (the total mass of H0-boson, Z-boson, and
γ with the transverse energy of 10 GeV), the CEPC is
only capable of measuring the process e+e− → ZH0γ
with mh0 <∼ mH0 <∼ 140 GeV mass constraint. The
CEPC has limits measuring this particular parameter
space.
For the ILC (
√
s = 500 GeV), the cross-section reaches
σUU ∼ 0.157 fb. The polarized cross-section values reach
up to σ(+0.3,−0.8) = 0.231 fb and σ(+0.6,−0.8) =
0.279 fb. The polarization of the e+e−-beams raises the
cross-section by a factor of 1.8 compared to the unpolar-
ized values.
The readers might wonder how the production cross-
section of these two processes differ when one departs
from the exact alignment limit (sβ−α = 1). In figure 4,
the distributions of e+e− → Zh0γ and e+e− → ZH0γ at√
s = 350 GeV are plotted for the unpolarized incoming
beams. The vertical dashed line points the sβ−α = 0.98
value. The scattering process e+e− → Zh0γ gets lower
while sβ−α → 0, and σ(e+e− → Zh0γ) is ∼ 5.92 fb at
sβ−α = 0.98. It is lowered by 4.36% compared to sβ−α =
1. Contrary, the process e+e− → ZH0γ gets higher for
lower sβ−α values as expected. Deviating from the exact
alignment limit by ∼ 2% enhances the cross-section; it is
σ(e+e− → ZH0γ) ∼ 0.18 fb at sβ−α = 0.98.
In table II, the cross-section values of the e+e− →
Zh0γ and the e+e− → ZH0γ at different CM energies
(and colliders) are given for different cuts on the pho-
ton’s transverse momentum (pγT,cut). It can be seen that
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FIG. 4. The cross-section distributions of e+e− → Zh0γ
and e+e− → ZH0γ are plotted as a function of sβ−α at √s =
350 GeV. The figure shows the cross-sections in departing
from the exact alignment limit. The calculation is carried for
pγT,cut = 10 GeV and tβ = 10 on both processes.
raising the variable pγT,cut chops the cross-sections. The
effect is most dramatic for the CEPC due to the collider’s
low CM energy. If the photon’s transverse momentum is
set as low as pγT,cut = 5 GeV the cross-section becomes
as high as 3.45 fb for the e+e− → Zh0γ, unfortunately
the e+e− → ZH0γ is not available kinematically. Since
the pγT,cut is a specific parameter of the measuring ap-
paratus, an electromagnetic calorimeter with low energy
resolution will increase the acceptance, and this will re-
sult in a higher number of events. Considering the other
lepton collider proposals, FCC-ee and ILC, the cut on the
pγT is not vital, but raising the cut lowers the cross-section
as expected.
TABLE II. The unpolarized cross-section for e+e− → Zh0γ
and e+e− → ZH0γ processes with varying cuts on photon’s
transverse energy (pγT,cut). All energies are given in GeV.
Collider CEPC FCC-ee ILC CEPC FCC-ee ILC√
s (240) (350) (500) (240) (350) (500)
pγT,cut σe+e−→Zh0γ (fb) σe+e−→ZH0γ (fb)
5 3.450 9.189 6.536 - 0.266 0.223
10 1.077 5.948 4.674 - 0.164 0.157
15 0.288 4.348 3.714 - 0.115 0.123
20 0.027 3.345 3.091 - 0.085 0.101
25 - 2.644 2.641 - 0.064 0.085
The future lepton colliders could be used to study these
two scattering processes. If the total luminosity of the fu-
ture lepton colliders is expected to be at the order of 2000
fb−1 [60], then according to Table II the total number of
events at
√
s = 350 GeV (FCC-ee) with pγT > 10 GeV
7are expected to be ≈ 11.9k and ≈ 330 for e+e− → Zh0γ
and e+e− → ZH0γ processes, respectively. The pro-
cess e+e− → Zh0γ has a remarkable cross-section, but
the process e+e− → ZH0γ has a considerably smaller
one. The branching ratios of the final state particles
and the acceptance of the detector are necessary to esti-
mate the precise number of events that can be expected
in the detector. Therefore, detector simulations for sig-
nal and background channels are required. The process
e+e− → ZH0γ can be used to study machine learning
algorithms due to the expected small number of events.
Lastly, the cross-section of e+e− → ZA0γ is at order
of 10−13 fb due to missing cZZA0 coupling. The process
cannot be studied in the future lepton colliders. There-
fore, the results are not presented.
B. Polarization of the incoming beams
The cross-section contours are given in figure 5 for pos-
sible polarization configurations of the incoming beams.
The ratio of σ(Pe+ , Pe−)/σUU is plotted as a function
of (Pe+ , Pe−) for the process e
+e− → Zh0γ at √s =
500 GeV. The cross-section is obtained with pγT,cut =
10 GeV, tβ = 10, sβ−α = 0.98 and mH0 = 150 GeV.
The same distribution is obtained for the e+e− → ZH0γ
because the similar Feynman diagrams contribute to
the total amplitude. If the future colliders are able to
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FIG. 5. The ratio of the cross-sections (σ(Pe+ , Pe−)/σUU )
as a function of the polarization of e+e− beams. The com-
putation assumes pγT,cut = 10 GeV, tβ = 10, sβ−α = 0.98 and√
s = 500 GeV.
polarize the positron beam right-handed and electron
beam left-handed, then the cross-section values will be
higher. It can be seen that in figure 5, the enhance-
ment is raised to 2.25 at the left top corner for both pro-
cesses. Additionally, the computations showed that the
ratio σ(Pe+ , Pe−)/σUU doesn’t change with the param-
eter sβ−α. The contours remain universal because the
ratio σ(Pe+ , Pe−)/σUU is not a function of energy. Thus,
the ratio distribution as a function of the polarization of
incoming beams stay unchanged at higher CM energies.
C. Asymmetry distributions
We explored the forward-backward asymmetry distri-
bution between the neutral Higgs boson and the photon.
Since the weak interaction violates parity symmetry, it
produces asymmetric contributions to angular observ-
ables. Therefore, AFB could be a good observable for
testing type of electroweak model for the Higgs bosons.
The asymmetry for each processes is defined as follows:
AFB =
∫ 1
0
dσ
d cos θHiγ
d cos θHiγ −
∫ 0
−1
dσ
d cos θHiγ
d cos θHiγ∫ 1
0
dσ
d cos θHiγ
d cos θHiγ +
∫ 0
−1
dσ
d cos θHiγ
d cos θHiγ
.
(7)
As usual the pγT > 10 GeV cut is applied in the cal-
culation. In figure 6 (left), the asymmetry is plotted
as a function of CM energies for unpolarized incoming
beams, free parameters are given in the caption. In the
computation, we obtained that in both processes most
of the events are accumulated more in the backward
direction than the forward direction. As a result, the
forward-backward asymmetry distributions become neg-
ative for both processes. It gets a value of -0.38 around√
s = 240 GeV (at the CEPC) for the e+e− → Zh0γ,
and at higher CM energies the asymmetry reaches a
peak around
√
s = 270 GeV then falls. The processes
e+e− → Zh0γ and e+e− → ZH0γ share the same
trend overall, but the asymmetry in e+e− → ZH0γ in-
creases slightly in higher CM energies due to the kine-
matics of the final state particles. The asymmetry at√
s = 1 TeV is obtained to be close to -0.490 and -0.456
for e+e− → Zh0γ and e+e− → ZH0γ, respectively. The
asymmetry is calculated for sβ−α = 0.98, but it should
be noted that the distributions do not change with sβ−α.
The dependence on sβ−α in cross-sections and couplings
is dropped in the asymmetry distributions. The asym-
metry is dependent on the masses of the Higgses in the
final state. In higher mH0 values, asymmetry distribu-
tion of e+e− → ZH0γ moves to the right with the same
trend. Various asymmetry distributions for the SM were
presented in ref. [29], the same outcome is obtained; the
number of events collected in the backward direction is
higher than the forward direction. Therefore, the asym-
metry has to be negative. However, the numbers are
positive in ref. [29], we assume there is a sign error in
the calculation.
The difference between the asymmetry distributions of
e+e− → Zh0γ and e+e− → ZH0γ are calculated due to
phenomenological curiosity. The difference in asymme-
try between two processes might be used to test whether
both processes share similar Feynman diagrams topology.
The asymmetry difference as a percentage is defined as
8follows:
∆AFB = 100× (A
e+e−→Zh0γ
FB −Ae
+e−→ZH0γ
FB )
Ae
+e−→Zh0γ
FB
. (8)
The percentage of difference in asymmetry between two
processes is plotted in figure 6 (right) as a function of the
CM energy with various mH0 masses. It can be seen that
the difference is steady for mH0 = 125 GeV in 0.5−1 TeV
range. Since the asymmetry for both of the processes has
the same tendency as a function of the CM energy, and
moves to the right with increasing mH0 , the difference
rises at high CM energies with increasing mH0 values.
It should be noted that the cross-section lowers dramati-
cally with higher mH0 . The difference in the asymmetry
is around 3.6% at the FCC-ee, and it quickly reaches to
6% at the ILC energies for mH0 = 150 GeV. The figure
shows that the ILC is more advantageous for measuring
the asymmetry difference in various mH0 scenarios.
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FIG. 6. The asymmetry is plotted with pγT,cut = 10 GeV, and tβ = 10 for both processes. sβ−α = 0.98 is considered for each
processes, but it has no impact on the asymmetry. (left): The asymmetry distributions with and mH0 = 150 GeV. (right):
The asymmetry difference between two processes as a percentage, (100 × (Ae+e−→Zh0γFB − Ae
+e−→ZH0γ
FB )/A
e+e−→Zh0γ
FB ) with
various mH0 masses.
V. CONCLUSION
In this study, we focused on computing the scattering
processes e+e− → ZHiγ (i=1,..,3) at the tree level. They
were investigated for polarized and unpolarized incoming
beams in the context of 2HDM. The results were obtained
for a scenario that is favored by recent experimental out-
comes and also widely accepted. When sβ−α = 1, the
couplings of the h0 boson become the same with the SM
Higgs boson, therefore one of the Higgs bosons (h0) be-
comes indistinguishable from the SM Higgs boson (H);
this limit is called the exact alignment limit. The cross-
section of e+e− → ZH0γ diminished completely. No
conclusion can be drawn about the 2HDM or the un-
derlying scalar sector from e+e− → Zh0γ because it
has the same result as the SM. The production rates
of both processes were explored by letting sβ−α devi-
ated from this limit. Even a small deviation raised the
cross-section of process e+e− → ZH0γ, while the cross-
section of e+e− → Zh0γ decreased by more than 4%.
Since the cross-section distribution of e+e− → Zh0γ was
a mere function of sβ−α, measuring the cross-section of
e+e− → Zh0γ is useful to extract the parameter sβ−α.
Thus, the couplings c[h0,H0]A0Z and c[h0,H0]ZZ can be
determined. The scattering process e+e− → ZH0γ is a
function of the same couplings, so its cross-section can
be obtained. It could be argued that the Yukawa cou-
plings too take part in the calculation, but they are very
small to make a noticeable contribution. Therefore, their
contribution could be ignored.
Polarizing the incoming beams changes the contribu-
tion of various Feynman diagrams given in figure 1, and
the cross-section can get higher values. We compared
the polarization configurations, and obtained that the
cross-section was enhanced up to a factor of 1.8 with
Pe− = −0.80 and Pe+ = +0.60 beams. In conclusion,
the polarization of the incoming beams increased the pro-
duction cross-section and the number of events in the col-
9lider. The forward-backward asymmetry of the Higgses
and the photon was presented for both processes. We
obtained that the parameter sβ−α did not have an im-
pact on the asymmetry distributions. Therefore, it can
be deduced that the asymmetry distributions alone can
not indicate the underlying model in nature.
Among three proposals, the FCC-ee was the one with
a higher cross-section for the e+e− → ZHiγ. The CEPC
had low CM energy, but it still had the potential to study
the process e+e− → Zh0γ, but not e+e− → ZH0γ. The
ILC shared the same remarks with the FCC-ee. The lead-
ing motivations of these future colliders are to measure
the properties of the Higgs boson and obtain hints of the
extended Higgs sector. This study presented the poten-
tial of exploring these processes in future lepton colliders.
If these proposed experiments can find deviations from
the SM or solid experimental proof of the existence of
new physics, a new era will be opened in the history of
mankind, and our understanding of nature will change
completely.
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